The development of new nanophotonic devices requires the understanding and modulation of the propagating surface plasmon and phonon modes arising in plasmonic and polar dielectric materials, respectively. Here we explore the CdZnO alloy as a plasmonic material, with a tunable plasma frequency and reduced losses compared to pure CdO. By means of attenuated total reflectance, we experimentally observe the hybridization of the surface plasmon polariton (SPP) with the surface phonon polariton (SPhP) in the air-CdZnO-sapphire three-layer system. We show how through the precise control of the CdZnO thickness, the resonance frequencies of the hybrid surface plasmonphonon polariton (SPPP) are tuned in the mid-infrared, and the nature of the hybrid mode turns from a plasmon-like behavior in the thicker films to a phonon-like behavior in the thinnest films. The presence of sapphire phonons not only allows the hybrid mode to be formed, but also improves its characteristics with respect to the bare SPP. The reduced damping of the phonon oscillators allows to reduce the losses of the hybrid mode, enhancing the propagation length above 500 m, one order of magnitude larger than that of typical SPPs, clearing the path for its application on emerging devices such as plasmonic waveguides.
The outstanding properties of electromagnetic surface waves and the recent progress in the synthesis of semiconductors with optimized properties, has renewed the interest in the field of plasmonics and its application to new nanophotonic devices. [1] [2] [3] As a result, there is a growing demand of functional photonic devices based on light-matter interactions at interfaces that can overcome the limitations of the current technology of semiconductor integrated circuits, 4 exploring the light confinement phenomenon beyond the diffraction limit. 5 Light interaction with doped semiconductors and polar dielectrics leads to the formation of surface plasmon polaritons (SPPs) and surface phonon polaritons (SPhPs), respectively. In such media, when the thickness is reduced to be comparable to the optical skin depth, epsilon-near-zero (ENZ) modes arise, at the frequency where the dielectric function vanishes. 6 While ENZ modes have the extraordinary ability to confine light within sub-wavelength thin films, 7 and therefore are suitable in photovoltaics and bolometer devices 2 and for nonlinear optics, 3 they lack the property of being dispersive, and thus show very low group velocities and propagation lengths. Conversely, SPPs and SPhPs have lower light confinements, but much larger group velocities, a key point when signal transport along an interface is required, as in plasmonic waveguides. 4 In order to further exploit this advantage, here we experimentally and theoretically explore the hybridization of SPPs with SPhPs in the air-CdZnO-sapphire three-layer system with very low optical losses, looking for the enhancement of the propagation length of the hybrid mode as compared to the bare SPP.
The excitation of SPPs in the mid-infrared (IR) requires materials with carrier concentrations between 10 19 to 10 21 cm -3 , as well as high electron mobilities and low optical losses. Thus, metals are discarded due to their very high electron concentrations and high optical losses, and transparent conductive oxides (TCOs) become the best alternative. 8 However, typical TCOs such as ITO and ZnO are far from being ideal for mid-IR plasmonics due to their high plasma dampings (~ 800 − 900 ), 9 ,10 which result in low electron mobilities. In this sense, CdO fulfills the requirements and is postulated to be the best candidate among all TCOs, taking advantage of its high electron concentrations and high electron mobilities in as-grown material. 11, 12 In addition, the electron concentration, and therefore the plasma frequency can be modulated by doping or alloying it with other materials. [13] [14] [15] [16] For instance, it has recently been shown that through the controlled doping of CdO with F the position of the ENZ resonance can be tuned in a range of frequencies from 1800 to 3668 cm -1 . 17 Alternatively, we have proposed the rock-salt CdZnO alloy for tuning the plasma frequency in the mid-IR, between 3000
and 4000 cm -1 . Alloying CdO with ZnO in the rock-salt phase also allows us to improve the Hall electron mobility, yielding values as high as 110 cm 2 /V·s. 18 In this study we present a detailed analysis of the hybridization of two distinct-in-nature surface modes: the SPP, produced by CdZnO, a plasmonic oxide, and the SPhP, produced by sapphire, a polar dielectric crystal, which also serves as the substrate where the CdZnO film is epitaxially grown. The resulting hybrid mode, the surface plasmon-phonon polariton (SPPP), first proposed by M. Nakayama, 19 takes the advantages of the bare phonon and plasmon surface modes, with a much higher propagation length and a wider range of attainable frequencies. The SPPP hybrid mode has been experimentally observed, among other 2D systems, at the graphene-boron nitride interface, confined in extremely small volumes. 20 Here we present the first experimental observation of SPPPs in oxides, much easier to synthesize and with extraordinary electrical properties for their implementation in the aforementioned plasmonic devices. Moreover, as compared to a graphene plasmonic monolayer, the thickness and plasma frequency of thin film oxides can be easily controlled, allowing to tune the optical response of the SPPP modes over a wide range of frequencies in the mid-IR.
In the air-CdZnO-sapphire three-layer system here explored, the coupling strength of the fields at the air-CdZnO and CdZnO-sapphire interfaces is easily controlled by the CdZnO thickness. This coupling leads to the well-known symmetric and antisymmetric field distributions, which appear at different energies. 7, 21, 22 Note that our system is not perfectly symmetric, since the dielectric functions of air and sapphire are different, but we will refer to the symmetry of the sign of the field distributions, for simplicity. The most energetic mode, i.e. the symmetric mode, shifts to higher energies when the CdZnO thickness is reduced, and it is pinned at the plasma frequency in the extremely thin case.
It corresponds to the ENZ mode, where the dielectric function of CdZnO vanishes. The less energetic mode, i.e. the antisymmetric mode, which in fact is the SPPP, turns from a plasmon-like behavior for frequencies far from the sapphire phonons in the thickest CdZnO film to a phonon-like behavior as the thickness of the film is reduced and the coupling of the fields at both interfaces becomes stronger. Precisely, in the thinner CdZnO films the effect of phonons is more evident, with a direct effect on the enhancement of the propagation length of the SPPP mode. where the incident light was p-polarized and the in-plane momentum was matched to the polariton momentum, , by using a ZnSe prism in the Otto configuration. 23 The air gap between the ZnSe prism and the CdZnO film was determined to be about 350 nm in all the experiments, small enough to excite the SPPP and large enough to nearly decouple the prism-air interface from the system. The angle of incidence ( ) in the CdZnO film was controlled from 39° to 59°, allowing to scan the polariton dispersion curve through The measured ATR curves of the two CdZnO extreme thicknesses, i.e. 460 and 25 nm, are shown in Figure 1 . The measured and simulated ATR curves of all samples can be found in the Supporting Information. In the thickest CdZnO film (Figure 1 (a) ), the airCdZnO and the CdZnO-sapphire interfaces are almost fully decoupled, and the system behaves as having two independent interface layers, each with its surface mode: the SPP formed at the air-CdZnO interface corresponding to the upper branch (UB), and the SPPP formed at the CdZnO-sapphire interface corresponding to the lower branch (LB). In Figure 1 (a) it can be seen how the LB is almost negligible, owing to the exponential decay of the evanescent wave within the CdZnO, which hardly reaches the CdZnOsapphire interface.
On the other hand, in the 25 nm-thick CdZnO film (Figure 1 (b) ) the fields at both interfaces are coupled and arrange in a symmetric distribution for the SPP (UB), and in an asymmetric distribution for the hybrid SPPP (LB). As a result, the difference in energy of the two branches increases, and the reflectance drop in the asymmetric branch becomes narrower and more pronounced, while the symmetric branch losses prominence. This is a consequence of two facts: first, the thickness of the plasmonic material is reduced and so does the strength of its associated SPP; second, the phonon-like character acquired by the SPPP hybrid mode, which has a lower plasmon-phonon damping. Indeed, from the reflectance measurements (see Supporting Information) the damping of the plasma frequency was deduced to be 500 cm -1 and the dampings of the TO and LO phonons 6 and 17 cm -1 , repectively Therefore, the damping of the hybrid mode is expected to vary between these two limits, depending on the proximity of the resonance to the sapphire phonons.
The overall evolution of the two branches with the thickness of the CdZnO layer can be observed in Figure 2 , where the ATR contour plots of all the samples are shown. The plots were modelled by applying the Transfer Matrix Method (TMM) to the air-CdZnOsapphire system with a ZnSe prism on top, and the symbols indicate the resonance frequencies experimentally obtained. The parameters used for modelling the ATR contour plots were previously deduced by means of conventional infrared reflectance measurements and can be found in the Supporting Information. Starting with the thickest CdZnO film (Figure 2 (a) ), the UB is a pure plasmonic mode, and has an asymptote at In order to properly evaluate the effect of sapphire phonons on the hybrid mode, the dispersion curves of our air-CdZnO-sapphire system with variable CdZnO thicknesses (Figure 3 (a) ) are compared to that of an idealized system on which phonons have been removed from the sapphire dielectric function (Figure 3 (b) ), i.e. the sapphire substrate is substituted by a dielectric with a constant dielectric function equal to 3, which indeed is the high-frequency dielectric constant of sapphire, . The range of frequencies where the LB is visible is clearly modified by the effect of sapphire phonons, as observed when comparing Figure 3 (a) and (b). Moreover, the LB is much more dispersive with a phonon-free dielectric substrate, yielding a pure SPP, and for small variations of the angle of incidence the shift of the resonance is considerable. This could indicate a higher propagation length ( ) of the pure SPP mode along the x-axis compared to the hybrid SPPP, since the group velocity, defined as
, is higher. However, as discussed below, thanks to the reduced damping of the hybrid SPPP mode compared to the bare SPP, its losses are reduced and therefore its is largely enhanced.
The effect of the reduced damping is appreciable in the measured and simulated ATR curves shown in Figure 3 (c) . In the air-CdZnO-sapphire system the antisymmetric mode is clearly seen, with a fraction of reflected light close to 0 %, especially when the resonance approaches the LO sapphire phonon. In contrast, for a phonon-free dielectric substrate the resonance is at much lower frequencies (Figure 3 (b) ) and thus is not detectable in the mid-IR, as simulated with the dashed lines of Figure 3 (c) . In order to make it visible in the mid-IR the thickest samples have to be chosen and the angle of incidence has to be higher than 52°. However, it is worth remembering that when the CdZnO thickness is increased, the strength of the LB is reduced since the evanescent wave hardly reaches the CdZnO-sapphire interface. Finally, regarding the symmetric mode, as observed in Figure 3 (c) the resonance is unaffected by phonons, since their respective frequencies are found far from each other. To confirm the existence of the symmetric and antisymmetric modes, the z-component of the electric field (Ez) at the XZ-plane in the CdZnO film with a thickness of 65 nm was calculated, using the finite-difference time-domain (FDTD) method, from an open-source software package, 24 and is shown in Figure 4 . Again, in order to evaluate the effect of phonons on the LB, the Ez distribution in our system (Figure 4 (a) ) is compared with that of an equivalent idealized system where the sapphire is substituted by the dielectric without phonons (Figure 4 (b) ). As observed in Figure 4 (a), the field distribution is antisymmetric at the frequency where the SPPP is found, i.e. at 1050 cm -1 for an angle of incidence of 45°, with opposite sign in the air and sapphire half-spaces. Within the CdZnO, Ez is close to zero, as expected for an antisymmetric mode. 22 When the phonons in the substrate are removed, as in Figure 4 (b) , the antisymmetric mode is dissipated, with the plane wave being almost unaltered by the dielectric. Besides, as expected from The propagation length is limited by the losses in the CdZnO and sapphire media, and therefore is inversely proportional to the imaginary part of the polariton momentum, as = 1 2 { } ⁄ . In Figure 5 (a), the ratio of the propagation length with and without phonons in the substrate as a function of the frequency of the incoming light is represented for every CdZnO thickness, i.e., the propagation length of the SPPP ( ) in the airCdZnO-sapphire system is compared to that of the bare SPP ( ) in the phonon-free air-CdZnO-dielectric system. In order to provide a reference, the range of frequencies where the polariton can be excited in our geometry is highlighted.
For a CdZnO thickness of 150 nm, the ⁄ ratio reaches a maximum of 2.9 at a frequency of 1100 cm -1 and then it drops for lower frequencies. This is explained as follows: considering the dispersion curve in Figure 3 (b) corresponding to the thickness of 150 nm, below a frequency of ~1100 cm -1 the SPP of the air-CdZnO-dielectric system has a nearly-constant slope, being in essence a lossless photon propagating along the interface. In contrast, as seen in Figure 3 (a) for the same frequencies and thickness, the SPPP of the air-CdZnO-sapphire system is not photon-like but phonon-plasmon-like with higher losses, explaining the drop of as compared to .
Conversely, for lower CdZnO thicknesses the frequencies at which the dispersion curves in Figure 3 length is one order of magnitude larger in our study, and arises from the fact that the antisymmetric mode formed in our system does not penetrate the plasmonic material (see Figure 4 (a)) and so the SPPP mode suffers from lower losses than the ENZ-SPP mode.
In a purely phononic structure, such as that reported by N.C. Passler for the air-AlN-SiC system, 26 and thanks to the reduced damping of phonons, the ENZ-SPhP hybrid mode has revealed to support a propagation length of 900 µm. However, it must be noticed that when the surface modes are entirely phononic in nature other shortcomings arise, such as the limited tunability of the resonance frequencies.
Regarding the transverse field confinement distance, which will dictate the degree of miniaturization of the components in a potential nanophotonic circuit, 27 it is inversely proportional to the imaginary part of the transverse component of the polariton
The confinement distance of the antisymmetric SPPP mode ( ) cannot be as low as that in of ENZ-modes, where most of the field intensity lies within the plasmonic material. 7 As observed in Figure 5 (b), the ratio of the field confinement distances with and without phonons in the substrate, i.e. the ratio between and the confinement distance of the bare SPP ( ), rises when the frequency is lowered, by the effect of sapphire phonons. However, its maximum value does not exceed 2 and 1.6 for the 25 nm and 65 nm CdZnO films, respectively, which again are the thicknesses for which the hybrid SPPP mode is better formed. We thus confirm the loss in confinement is negligible as compared to the gain in the propagation length discussed above. Indeed, looking at the values in the inset of Figure 5 
Supporting Information
Section 1 shows the details of the infrared reflectance measurements and modelling carried out to derive the fundamental optical parameters of the CdZnO films and sapphire substrate. In Section 2 the ATR geometry and the experimentally obtained and modelled ATR curves for all samples are shown. In Section 3, the procedure to obtain the real and imaginary parts of the in-plane and out-of-plane momentum of the hybrid mode is described.
Infrared reflectance spectroscopy: experimental and modelling
The infrared reflectance spectra of the samples were measured and fitted in order to obtain the fundamental parameters of the CdZnO films and the sapphire substrate: the CdZnO plasma frequency ( ) and its damping ( ), the CdZnO film thickness (a) and the sapphire phonon modes. To do so, the dielectric function of each constituent layer was modelled and the Transfer Matrix Method (TMM) was applied.
First, a r-plane sapphire substrate was measured and fitted and its phonon modes were derived. Both in the reflectance and attenuated total reflectance (ATR) measurements, the sapphire substrate was oriented in the direction where the axial phonons are minimized, 1 and therefore to fit the reflectance and ATR spectra only the planar phonons are required.
The contribution of the sapphire phonons to the dielectric function are considered through Gervais harmonic oscillators, as The measured and modelled reflectance curves of the r-plane sapphire substrate in ppolarization at an incidence angle of the infrared light of 45° are shown in Figure S1 . The extracted values of the phonon frequencies are listed in Table S1 . Table S1 . Frequencies and dampings of the phonon modes of the r-plane sapphire substrate derived from infrared reflectance spectroscopy. E4 is the phonon mode interacting with the CdZnO surface plasmons.
Apart from the values shown in Table S1 , was deduced to be 3.0. These results are in excellent agreement with those by Schubert et al. 1 and are used as input parameters for modelling the reflectance spectra of the CdZnO-sapphire films.
On the other hand, the dielectric function of CdZnO has to account with the interaction of the infrared light with the free electrons through the Drude model, as
Here, the plasma frequency is defined as
where n is the free electron concentration, e the electron charge, * the electron effective mass, the vacuum permittivity, and is the high-frequency dielectric constant of CdZnO.
The measured and modelled reflectance curves for all the samples are shown in Figure   S2 , and the extracted values from the fits are shown in Table S2 . As can be observed in Table S2 , except of the thickness, all the other fitted parameters are very similar in all the CdZnO films. Therefore, essentially all the changes in the reflectance spectra arise from the variation of the CdZnO thickness. Besides, it is worth to note the difference between the damping of the CdZnO plasmons and that of sapphire phonons. While in CdZnO the plasmons have dampings around 520 cm -1 , the E4 phonon mode of sapphire has a damping of 6 cm -1 for the TO and 17 cm -1 for the LO. Thus, the damping of the SPPP hybrid mode must be between these two limits, depending on the proximity of the resonance to the sapphire phonons.
Finally, all the parameters derived from these fits were used as input parameters for the ATR simulations, in order to compare the modelled ATR curves with the experimental ones.
ATR measurements and simulations
In order to excite the surface modes, ATR measurements were carried out in the Otto configuration, 2 as schematized in Figure S3 . Figure S3 . Schematic of the ATR measurements carried out in the Otto configuration. The evanescent wave generated at the prism-air interface excites the surface modes of the air-CdZnO-sapphire system. The z component of the electric field of the symmetric mode is represented.
A ZnSe prism with an internal angle of 45° and a refractive index of 2.37 is used, and the ATR curves were taken in p-polarization, varying the incidence angle (θ) in the range between 39° and 59°. Thus, the in-plane momentum is matched to the polariton momentum by changing the incidence angle, and the resonance frequency of the surface plasmon polariton (SPP) and the surface plasmon phonon polariton (SPPP) shift accordingly.
The measured ATR curves of all samples are shown in Figure S4 , and, in order to compare them with those modelled with the TMM, the simulated ATR curves are shown in Figure   S5 . The parameters for modelling the ATR curves are taken from the reflectance measurements described in Section 1, and the only parameter to be fitted is the air gap, 3. Derivation of the real and imaginary parts of the in-plane and out-of plane momenta of the hybrid SPPP Assessing the real and imaginary parts of the in-plane and out-of-plane momenta of the surface modes is key to compare the experimentally obtained resonance frequencies of the SPPP with those predicted by the theory, and to compute its propagation length ( ) and confinement distance ( ). While the air-CdZnO-sapphire system is enough to qualitatively describe the nature of the surface polaritons, in order to accurately derive the dispersion curves and and of the SPPP the prism has also to be considered, i.e.
air is considered with a finite thickness, and the ZnSe prism is treated as a semi-infinite medium.
Following the derivation deduced by Baltar et al., 3 { , } and { , } in a fourlayer system can be obtained from 
